Abstract. In this study, friction stir processing (FSP) has been used to prepare aluminum-base composite with addition of SiC reinforcement particles. Aluminum alloy 7075 surface composite has been successfully fabricated at a suitable ratio of tool rotation rate/traverse speed by one-pass FSP. SiC particles were distributed almost homogeneously over the nugget zone, and strong interfacial adhesion was obtained between SiC particles and 7075 alloy matrix. The existence of reinforcement particles caused the enhancement of microhardness and impact toughness over the nugget zone compared to 7075 alloy matrix. The impact fracture of composite layer was characterized by aluminum alloy matrix toughness tear and SiC particle brittle rupture.
Introduction
Aluminum and its alloys have been used commonly in many industries due to their good mechanical properties, however the poor anti-wear property limits their wide applications to a certain extent [1] . In order to enhance the surface performance of aluminum alloys, surface modification has been used by different methods, such as PVD, CVD, electroplating, etc [2] . Among these methods, friction stir processing (FSP) was introduced as a versatile technique for fabricating surface composites since 2003 [1] . Commonly used reinforcement in the fabrication of surface composites are micro or nano size SiC, Al 2 O 3 , TiC etc.
As a green manufacturing technology, FSP has demonstrated its potential fabrication of all variants of surface composites with little or no interfacial reaction with the reinforcement, which has been used to fabricate surface composites of different types of aluminum alloys since 2003, such as 2xxx, 5xxx, 6xxx, etc [3] [4] [5] . However, FSP surface composites based on 7xxx series aluminum alloy was less investigated. FSP surface composite exhibits enhanced characteristics of composites on the surface while retaining properties of aluminum alloys. Since then, studying the microstructural and mechanical characteristics of surface aluminum matrix composites has obtained more interest. Among mechanical properties, more researches have focused on hardness, strength, ductility etc. However, less study has been performed on the variation of toughness in literature.
In this work, surface composite reinforced with micro SiC particles in AA7075 alloy was fabricated by friction stir processing. The variations of microstructure and toughness of surface composite are measured.
Experimental Details
AA7075-T6 alloy rolled plate of 6.9 mm thickness was used to fabricate surface composite, which composition is shown in Table 1 . SiC particles were utilized as reinforcement with average particle size of 20 µm. The 120 mm ×80 mm ×6.9 mm strips were prepared by wire-electrode cutting. A square groove (2 mm deep and 2 mm wide) was made on each strip surface allowed SiC particles to be incorporated into the matrix. High speed steel having screwed taper pin profile with shoulder diameter of 15 mm, pin diameter of 3 mm at the bottom and 6 mm at the top, pin height of 3 mm was used in FSP. A stirring tool having shoulder without pin was utilized to pack the groove filled with SiC particles. After packing the groove, surface composite was fabricated by FSP. After FSP, the cross section of surface composite in nugget zone (NZ) was made by wire-electrode cutting. Microstructural observations were carried out using optical microscope and scanning electron microscopy (JSM-6460LV). Microhardness of the cross section of NZ normal to the FSP direction was measured by use of a Vickers digital microhardness tester. Impact tests were performed using cantilever beam impact testing machine. Impact test samples were Charpy-type according to GB/T229-2007. The microstructural morphology of fractureed surface was measured by use of SEM (JSM-6460LV). All the microhardness and impact tests were conducted at room temperature.
Results and Discussion
The optical macrographs of the cross section of NZ are shown in Fig. 1(a-d) . It was clearly seen that the SiC reinforcement particles embedded in the 7075 alloy matrix after one-pass FSP, and surface composite was fabricated successfully. However, the reinforcement particles were distributed unevenly in the nugget zone when different ratio of tool rotation rate/traverse speed was used. As far as 1# sample is concerned, a SiC reinforcement surface composite layer wwa formed at the top of nugget zone. At the bottom of nugget zone, agglomerated SiC particles were shown. In contrast, the SiC reinforcement particles were distributed more widely and uniformly in nugget zone for the other samples. In addition, the stir action resulted to different distribution of SiC reinforcement particles, especially at lower ratio of tool rotation rate/traverse speed. On the advancing side more reinforcement particles existed. It has been found that the tool rotation speed and traverse speed have a great effect on the successful fabrication of surface composite by FSP, which influences the heat input, shattering effect of rotation, and distribution effect of reinforcement particles [6] . According to the heat input formula of FSP, the FSP heat input is proportional to the ratio of tool rotation rate/traverse speed. The plastic flow of the material during FSP is mainly determined by heat input [7] . It is known that the shear effect between the tool shoulder and processed material leads to the material plastic flow in the nugget zone. If the amount of heat produced was not sufficient, the overall material flow in the nugget zone could be inhibited. For 1# sample, the ratio of tool rotation rate/traverse speed was lowest among four types of FSP parameters. The plastic flow of 7075 alloy along with the tool rotation decreased at the bottom of nugget zone due to low heat input, which mainly happened at the top of nugget zone. Therefore, the composite was mainly fabricated at the surface of 7075 alloy substrate. A surface composite layer and agglomerated SiC particles was formed, shown in Fig.1a . When the ratio of tool rotation rate/traverse speed increased, the heat input and distribution effect were enhanced. Therefore, the SiC particles can be distributed more homogeneously in the nugget zone, shown in Figs. 1b-c. However, in comparison with 2# and 3# samples, more SiC particles existed at the top of nugget zone. In this study, a screwed taper pin was used. During FSP, the plastic materials around the pin flowed to the bottom of nugget zone under the downward pressure from the pin screw, and then flowed upward under the squeezing action by the non-plasticised material and the blocking effect from the substrate [7, 9] . Therefore, when large amount of heat input is used the material flow can be enhanced, which may cause the upward movement of SiC reinforcement particles along with material flow. Microscopically, Fig.2 indicates SEM images of the nugget zone cross-section for 4# sample. In these micrographs, the particles shown by white arrows are SiC particles, which were measured by EDS in Fig.3 . It revealed that the reinforcement particles distribution in the matrix was uniform after one-pass FSP. In comparison with the as-received SiC particles, the SiC size decreased obviously under the shattering effect of tool rotation. Besides, these images attested to the excellent bonding between SiC reinforcement particles and the 7075 alloy matrix. The variations of microhardness of four types of FSPed samples was measured and presented in Fig.4 . The average microhardness of as-received 7075 alloy was about 170 HV. In all composite samples, the microhardness profiles exhibited a approximately asymmetric distribution along the cross-section of composite layer, which was consistent with the results in other literatures about the FSPed composites [9, 10] . In the rotation center of nugget zone, the highest hardness level was observed, which was approximately 195 HV. With the increase of distance from the rotation center, the hardness decreased little by little. In the heat affected zone and thermo-mechanically affected zone, the descending of hardness developed slowly. The increase of hardness in nugget zone can be ascribed to two kinds of reasons. The first one is that the hard nature of SiC reinforcement particles and the effect of the particles on grain boundary pinning [1, 7] , and the second one is related to the grain size refinement and the uniform distribution of the second phase particles [11] .
By increasing the ratio of tool rotation rate/traverse speed, the microhardness of the NZ changed. Sample 2# exhibited the highest average microhardness, followed by samples 3#, 4# and 1#. Based on the results in Fig.1 , it is concluded that the composite formability and uniformity of samples 2# and 3# was better than that of sample 1# and 4#. On the one hand, the uniform dispersion of SiC particles might improve their hard nature. On the one hand, the existence of SiC particles was beneficial to the grain refinement in nugget zone, which also led to the improvement of hardness according to the Hall-Petch relationship. In contrast, for samples 1# and 4#, the inadequate heat input was not good for the uniform dispersion of SiC particles and grain refinement, which made the decrease of hardness in their nugget zones. Fig. 6b , it can be seen that impact force caused the brittle fracture for great amount of SiC particles. It can be concluded that there existed strong interfacial adhesion between SiC particles and 7075 alloy matrix. Due to the higher adhesion strength, the impact load was effectively delivered to SiC particles through the interfacial shear stress, which was applied in the 7075 alloy matrix. Therefore, most of the impact load exerted on the dispersive SiC reinforcement particles, which led to the improvement of impact energy for the composite samples [12] . 
Conclusions
In this work, we presented a detailed study on fabrication and mechanical properties of the SiC reinforced 7075 alloy surface composite layer by FSP. The results mainly conclude that friction stir processing is an effective technique to fabrication surface composite layer based on the suitable processing parameters. Good interfacial adhesion was shown between SiC reinforcement particles and 7075 alloy matrix. Compared to the as-received 7075 alloy, the average microhardness of composite layer increased to about 195 HV, and the existence of SiC particles had positive effect on impact energy adsorption, which led to the obvious enhancement of the impact toughness of composite samples.
